Fish rely heavily on their sense of smell to maintain behaviors essential for survival, such as predator detection and avoidance, prey selection, social behavior, imprinting, and homing to natal streams and spawning sites. Due to its direct contact with the outside environment, the peripheral olfactory system of fish is particularly susceptible to dissolved contaminants. In particular, environmental exposures to copper (Cu) can cause a rapid loss of olfactory function. In this study, confocal imaging of double-transgenic zebrafish larvae with differentially labeled ciliated and microvillous olfactory sensory neurons (OSNs) were used to examine cell death and regeneration following Cu exposure. Changes in cell morphologies were observed at varying degrees within both ciliated and microvillous OSNs, including the presence of round dense cell bodies, cell loss and fragmentation, retraction or loss of axons, disorganized cell arrangements, and loss of cells and fluorescence signal intensity, which are all indicators of cell death after Cu exposure. A marked loss of ciliated OSNs relative to microvillous OSNs occurred after exposure to low Cu concentrations for 3 h, with some regeneration observed after 72 h. At higher Cu concentrations and 24-h exposures, ciliated and microvillous OSNs were damaged with increased severity of injury with longer Cu exposures. Interestingly, microvillous, but not ciliated OSNs, regenerated rapidly within the 72-h time period of recovery after death from Cu exposure, suggesting that microvillous OSNs may be replaced in lieu of ciliated OSNs. An increase in bromodeoxyuridine labeling was observed 24 h after Cuinduced OSN death, suggesting that increased proliferation of the olfactory stem cells replaced the damaged OSNs. Olfactory behavioral analyses supported our imaging studies and revealed both initial loss and restoration of olfactory function after Cu exposures. In summary, our studies indicate that following zebrafish OSN damage by Cu, regeneration of microvillous OSNs may occur exceeding ciliated OSNs, likely via increased proliferation of the cellular reservoir of neuronal OSC precursors. Transgenic zebrafish are a valuable tool to study metal olfactory injury and recovery and to characterize sensitive olfactory neuron populations in fish exposed to environmental pollutants.
Introduction
Fish and other aquatic vertebrates require a functional olfactory system to detect chemical cues from their environment in order to maintain behaviors essential for survival, such as predator avoidance, prey selection, kin identification, homing, and mate selection (Cooper et al., 1976; Dittman and Quinn, 1996; Hara, 1992; Quinn, 2011; Tierney et al., 2010; Sutterlin and Gray, 1973) . Teleosts, which include commercially-relevant fish species such as salmon, trout, sablefish, pollock, and rockfish, have a well-developed and sensitive olfactory system that is able to detect dilute waterborne odorants, with some species of salmonids able to sense amino acids in the nanomolar range (Bandoh et al., 2011; Yamamoto et al., 2013) . However, exposures to certain pollutants at concentrations measured in surface waters can decrease the ability of salmon to detect predators and prey (Baldwin et al., 2003; McIntyre et al., 2012; Tierney et al., 2010) . For example, juvenile coho exposed to low levels of dissolved copper (1-20 μg/L) had impaired olfaction (Baldwin et al., 2003) and no longer exhibited alarm responses in the presence of a predator (McIntyre et al., 2012) . Accordingly, the disruption of olfactory function by low-dose chemical exposures has potential far-reaching ramifications for fish populations, and several aquatic species receiving ecologically-relevant exposures to certain metals and pesticides have shown disruption of physiological processes that determine survival and reproductive success (Tierney et al., 2010) . Despite the ecological importance of these sublethal toxicities in aquatic species, the mechanisms of olfactory injury are poorly understood.
Fish olfactory organs consist of an olfactory bulb as well as a pair of olfactory rosettes, the latter of which are located in cavities positioned dorsally on either side of the rostrum. The olfactory sensory neurons (OSNs) and their support cells are located apically in the olfactory sensory epithelium (OSE) on the surface of the rosettes, while immature neurons and olfactory stem cells (OSCs) are situated more basally (Hansen and Zielinski, 2005) . Functionally, OSNs are chemoreceptors responsible for detecting odorants and transmitting signals to glomeruli within the olfactory bulb in the central nervous system. These OSNs detect a broad array of odorant molecules, including prostaglandins, bile acids, and amino acids, which bind to membrane-associated receptor proteins in the apical cilia or microvilli of the OSNs (Hara, 1994) . Because the OSNs are in direct contact with the external environment, protected only by a mucosal lining secreted by neighboring goblet cells, they are particularly vulnerable to dissolved waterborne toxicants (Tierney et al., 2010) . New OSNs are constantly being generated to replace the mature OSNs that die (Mackay-Sim and Kittel, 1991) , a process that maintains sensory function following injury to certain environmental chemicals (Beites et al., 2005; Sakamoto et al., 2011) Currently, four classes of OSNs have been identified in teleosts, with the ciliated and microvillous OSNs comprising the two major groups. These OSNs differ in morphology, location within the OSE, cell-specific gene expression, and receptivity to odorants (Hansen and Zielinski, 2005; Sato et al., 2005) . Ciliated OSNs express OR-type odorant receptors and olfactory marker protein (OMP) among others (Hansen et al., 2004) and are located in the deep layer of the OSE with axons that project primarily to the dorsal and medial regions of the olfactory bulb (Hansen et al., 2003 (Hansen et al., , 2004 Sato et al., 2005 Sato et al., , 2007 . Microvillous OSNs express vomeronasal receptor family 2 (V2R) type receptors and transient receptor potential channel C2 (TRPC2); these are located in the OSE superficial layer and project axons to the lateral region of the olfactory bulb (Hansen et al., 2003 (Hansen et al., , 2004 Sato et al., 2005 Sato et al., , 2007 . Additionally, these two OSN populations differ in their detection of odorant classes due to differences in their olfactory signaling pathways. Ciliated OSNs have a cAMP-mediated pathway and preferentially detect bile acids such as taurochlolic acid (TCA), while microvillous OSNs have an IP3-based pathway and preferentially detect amino acids (Dew et al., 2014; Døving et al., 2011; Hansen et al., 2003; Kolmakov et al., 2009; Michel et al., 2003; Rolen et al., 2003) . Our laboratory and others have demonstrated that ciliated and microvillous OSNs can differ in sensitivity to metal ions, which may further vary with developmental stage and across fish species (Dew et al., 2014; Heffern et al., 2018; Hentig and Byrd-Jacobs, 2016; Wang et al., 2013; Williams et al., 2016) .
Of the trace metals, copper (Cu) is arguably the most well-studied and potent of the metal olfactory toxicants in teleosts (Shaw and Handy, 2011; Tierney et al., 2010 ) and a common pollutant in surface waters. Typical anthropogenic sources of Cu include vehicle emissions, pesticides, and industrial runoff (Davis et al., 2001; Good, 1993) . Previous studies have shown that even short-term exposures to Cu at environmental concentrations can decrease the ability of salmonids to detect predators (Baldwin et al., 2003 (Baldwin et al., , 2011 McIntyre et al., 2012) . Accordingly, copper is a highly relevant model environmental pollutant to probe the mechanisms of fish olfactory injury and recovery. In this study, we leveraged the genetic and imaging capabilities of zebrafish to investigate Cu-induced injury and recovery of ciliated and microvillous OSN populations. The similarities in zebrafish morphology and neuroanatomy to other teleosts make this model particularly attractive for studies of olfaction and olfactory neurogenesis (Blechinger et al., 2007; Brunjes, 1995, 1998; Lindsay and Vogt, 2004) . Similar to other vertebrates, zebrafish olfaction is functional at early stages of development (4 days postfertilization, dpf) and mediates behavioral and survival strategies in the developing larvae (Lindsay and Vogt, 2004) . These attributes make zebrafish an excellent model system to study Cu olfactory injury (Lazzari et al., 2017; Tilton et al., 2008 Tilton et al., , 2011 and to investigate the cellular targets and recovery from metal exposures. In the present study, we analyzed Cu-induced injury and recovery of the two major OSN populations using confocal imaging of double-transgenic (Tg) zebrafish larvae (Lakhina et al., 2012; Miyasaka et al., 2005; Sato et al., 2005 Sato et al., , 2007 that express both red fluorescent protein (RFP) in the ciliated OSNs under the control of the OMP promoter (OMP:RFP), and Venus in the microvillous OSNs driven by the TRPC2 promoter (TRPC2:Venus) (Lakhina et al., 2012; Miyasaka et al., 2005; Sato et al., 2005 Sato et al., , 2007 . These Tg[OMP:RFP/TRPC2:Venus] zebrafish have been used in imaging studies of OSN development and axonal guidance (Lakhina et al., 2012; Miyasaka et al., 2005; Sato et al., 2005 Sato et al., , 2007 , and allowed us to observe both types of OSNs simultaneously in the same fish. From our imaging experiments, we observed differential effects of Cu exposure on the two types of OSNs that were dependent on both the concentration and duration of Cu exposure. We also assessed cell proliferation after Cu-induced damage and behavioral changes to correlate our imaging results with loss and recovery of olfactory function.
Materials and methods

Zebrafish lines and maintenance
All animal procedures were approved by the Institutional Animal Care and Use Committee of the University of Washington. Adult zebrafish were housed in re-circulating aquaria maintained at 28 ± 0.5°C on a 14 h light/10 h dark cycle. Fish received 2% of their body weight in flake food per day, and were supplemented with live Artemia at least once daily. Source water from city municipal water was passed through a reverse osmosis filtration system and adjusted to 1000 ± 100 μS/cm salinity (pH 7.2) using Instant Ocean® salt and Na 2 HCO 3 . Embryos produced by natural spawning from paired matings were raised in E3 embryo media (EM; 5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl 2 , and 0.33 mM MgSO 4 , pH 7.2-7.4) and maintained at a density of 50-60 per 100 mm 2 dish. Larvae were fed live rotifers beginning at 4 dpf.
Transgenic OMP:RFP and TRPC2:Venus zebrafish were gifts from the Yoshihara lab from the RIKEN Brain Science Institute (Osaka, Japan; (Lakhina et al., 2012; Sato et al., 2005 Sato et al., , 2007 ) and maintained as single (OMP:RFP only) or double-transgenic (OMP:RFP/TRPC2:Venus) lines. To minimize interference of melanocytes in the imaging of the OSE, adults containing both transgenes were crossed into zebrafish homozygous for the roy orbison (roy) mutation (Ren et al., 2002) , and intercrossed to generate lines homozygous for roy and both OMP:RFP/ TRPC2:Venus transgenes. Screening of transgenic larvae were performed on 4-7 dpf larvae under a Nikon fluorescent dissecting microscope (Melville, NY). Those containing the transgenes were raised to adulthood and further screened for homozygosity through F1 screening from pairwise outcrossing with non-transgenic fish. Outbred Ekkwill (EKW) wildtype fish were used for all behavioral assays. solution was diluted to final concentrations (0.25, 1, 5, and 10 μM Cu, corresponding to 16 ppb, 64 ppb, 318 ppb, and 635 ppb Cu) with EM on day of exposure and added to a 100 mm petri dish prior to the transfer of 5 dpf larval zebrafish (50 fish per 25 ml solution). Zebrafish larvae were exposed to Cu for either 3 or 24 h prior to rinsing and removal into fresh EM to recover. Feeding of rotifers was reinstituted after 24 h of recovery. At different times after Cu exposure, 15-17 fish were euthanized and fixed in 4% paraformaldehyde (PFA; in phosphate buffered saline, PBS) overnight at 4°C. Samples were washed several times with additional PBS and stored in the dark at 4°C. Confocal imaging was performed within two weeks of treatment.
Cell proliferation assay
Bromodeoxyuridine (BrdU) incorporation was performed at different times following 3-h Cu exposure (5 μM Cu or EM control) to investigate cell proliferation during olfactory recovery. Two separate sets of larval zebrafish were used and exposures were performed at two different times within day 5 of zebrafish development (5 dpf). Separate Cu exposures were necessary due to the 14 h light/10 h dark cycle of the fish facility where the BrdU incubations took place. BrdU incorporation for one set of exposures included recovery times of 6, 24, and 48 h posttreatment (hpt), while 12 hpt and 18 hpt was performed on the second set. Larvae were incubated in EM containing 10 mM bromodeoxyuridine (BrdU; Sigma) with 1% dimethyl sulfoxide (DMSO) for 1 h at 28.5°C prior to euthanasia and fixation in 4% PFA for 2 h at room temperature or overnight at 4°C. After fixation, samples were washed several times in PBS and stored at 4°C before being processed for immunohistochemistry.
BrdU immunohistochemistry procedures followed those described by Ma et al. (2008) with minor modifications. Fixed samples were washed three times in PBDT (PBS, 1% DMSO, and 0.1% Tween-20) and dehydrated in 100% methanol for 1 h at 20°C. Samples were then rehydrated in a graded methanol series (75%, 50%, 25%; 20 min each), washed in PBDT, and incubated in 10 g/ml proteinase K (in PBDT) for 20 min at RT. After rinsing three times in PBDT, samples were refixed in 4% PFA solution for 20 min, washed again in PBDT (20 min), and incubated in 1 N hydrochloric acid (in PBDT) for 1 h. Following three additional rinses in PBDT, samples were incubated in 10% block solution (10% normal goat serum in PBDT) for 1 h at RT before primary and secondary antibody incubation per immunohistochemistry protocol. Rat anti-BrdU (Abcam, Cambridge, MA) primary antibodies were used at 1:100 dilution and Alexa 647-conjugated goat anti-rat (Thermo Fisher Scientific, USA) secondary antibodies were used at 1:500 dilution (both in 10% block solution). Samples were stored in PBS in the dark at 4°C until confocal imaging within one week.
Confocal imaging and analysis
Fixed larval transgenic zebrafish were mounted in 3% methyl cellulose/EM solution in 4-well coverglass-bottom chamber slides (Thermo Fisher Scientific). In order to image the OSE on an inverted confocal microscope, fish were positioned and oriented upside-down with their dorsal rostrum placed against the bottom cover glass. For live imaging of 6 dpf Tg[OMP:RFP/ TRPC2:Venus] zebrafish, larvae were anesthetized with 0.016% MS-222 (Tricaine, methane suphonate pH 7), mounted in 6% methyl cellulose, and covered in EM containing MS-222 immediately prior to each imaging session (Renaud et al., 2011) . Confocal z-stacks covering both OSEs were collected on a Zeiss LSM 510 inverted Axiovert 200 motorized laser scanning microscope and processed using ImageJ/Fiji (National Institutes of Health, USA). Twocolor single scans were used to image the double-transgenics, wheras three-color scans (excitation at 488 nm, 543 nm, and 643 nm) were performed for the BrdU imaging experiments. All images shown in this paper are stacked projections of optical sections. Final image montages and figures were assembled using Adobe Photoshop CS5 and Affinity Designer (Serif Ltd., Nottingham, UK), with brightness/contrast adjusted for optimal visualization of cell morphology. Original unadjusted confocal image files were used for semi-quantitative fluorescence intensity analysis.
Analyses of relative fluorescence intensity in the OMP:RFP/ TRPC2:Venus double transgenics were performed using ImageJ/Fiji and used as an indirect method of approximating relative numbers of OSNs within the OSE. Sum intensity z-stack projections were analyzed for each OSE image (n = 4-5 fish per condition). To eliminate background, a minimum threshold for each channel (red for OMP:RFP; green for TRPC2:Venus) was set and the thresholded area and intensity values were measured. OMP:RFP florescence was bright with little background, while background autofluoresence was visible in the green 488 nm TRPC2:Venus channel. Thus, the minimum florescence threshold was set higher for image analysis of TRPC2:Venus than for OMP:RFP in order to eliminate the background autofluoresence, resulting in lower values (measured as arbitrary light units, ALUs) for TRPC2:Venus. Analysis was confined to regions of interest (ROIs) drawn around the OSEs, thus eliminating any additional artifacts from the images (such as reflective pigment cells). ROIs were drawn for each individual OSE, and the total fluorescence intensity was averaged between the two OSEs for each fish. Mean fluorescence intensities were calculated for each condition and graphed as ALUs or normalized to the age-matched non-exposed (0 μM Cu) controls for each fluorophore/ channel. Data were analyzed using Microsoft Excel and GraphPad Prism.
Fluorescence intensities of BrdU-labeled cells were analyzed using maximum intensity z-stack projections for 15 sections of each optical image stack (n = 3-4 fish per time and condition) that encompassed the entire OSE. TRPC2:Venus was difficult to clearly detect as the background in the 488 nm channel was relatively high, but OMP:RFP could be clearly distinguished over the background and served as a suitable landmark for the location of the OSEs. An intensity and size threshold was applied to the z-stack projections for the 643 nm BrdU channel in order to measure the intensity of nuclear BrdU labeling and to eliminate non-specific background fluoresence. Total intensities were calculated and normalized to the area of imaging, which was calculated using a low threshold applied to the OMP:RFP channel that captured the overall area of the dorsal rostrum containing the OSEs and the surrounding cells. BrdU fluorescence intensities were graphed as ALUs for both control and Cu-exposed fish. Fold change in BrdU fluorescence intensity was calculated by dividing the ALU values of the Cu-exposed fish with its corresponding age-matched control.
Behavior assays
We used the larval zebrafish behavior assay described in Heffern et al. (2018) , which is a modification of the method by Shamchuk et al. (2017 Shamchuk et al. ( , 2018 . The assay was used to observe olfactory behavior in larval zebrafish in response to the aversive odorant taurocholic acid (TCA) following Cu exposure and recovery. We have shown that the use of odorant TCA, which preferentially targets ciliated OSNs, yielded more consistent results in 5 dpf zebrafish larvae than other odorants such as L-cysteine, which largely targets microvillous OSNs (Heffern et al., 2018) , For each experimental trial, 10 larval zebrafish were placed into the middle zone of a clear acrylic trough (10.5 cm x 3.5 cm x 1.7 cm) with removable dividers (Supplemental Fig. 3A ). The trough contained 15 ml EM and was set on top of a leveled light box for stable illumination. Following a 10-min acclimation period, 30 μl of odorant (EM or 0.4 M TCA) was added to either the left or right zone (randomized) prior to mixing. After a 5-min odorant equilibration period, the dividers were removed, and video recording of behavior began after one minute using an overhead camera. Approximately 10,000 frames were recorded (at 20 frames per second) prior to cessation of recordings, and the fish were euthanized.
Video recordings of the behavioral trials were analyzed using ImageJ. In each behavioral trial, the movement of all 10 zebrafish larvae over time was treated collectively as a single mass. This analysis in the behavioral assay minimizes the variation in swimming behavior among individuals by observing the behavioral response of a group of 10 fish instead of individuals (Heffern et al., 2018; Shamchuk et al., 2017 Shamchuk et al., , 2018 . To reduce background and eliminate stationary fish, every 100th frame was averaged to create a background image that was subtracted from each frame. Individual frames were summed resulting in a videogram representing 5 min of fish movement (Supplemental Fig. 3B ). For each videogram, the shift distance was determined as the distance between the mean center of mass and the center of the trough. Displacement values greater or less than the 1-99 percentiles for each age group were excluded from the data set to eliminate anomalous outliers. Percentage responses were calculated by dividing the shift distances by the mean aversive response of unexposed control larvae to TCA for each age group. Data in the ensuing figures and tables are presented as either mean mass shift ± standard error of the mean (SE) or % response ± SE.
Statistical analyses
GraphPad Prism Ver 7.0 (Graph Pad Software Inc, San Diego, CA) was used for all statistical analyses. Normality of imaging and behavioral data was confirmed using D'Agostino-Pearson omnibus test and the effects of Cu concentrations on OSN loss and regeneration was determined using one-way ANOVAs followed by Fischer's LSD test or Tukeys's hsd post hoc test for multiple comparisons. The effect of Cu treatment on behavioral response was analyzed using a two-way ANOVA followed by an uncorrected Fisher's LSD test. No heterogeneity was present in these data sets. All statistical data were considered significant at p ≤ 0.05.
Results
Cu-induced OSN damage in larval zebrafish is both dose and timedependent
To visualize injury and recovery of OSNs from Cu exposure, we used double-transgenic zebrafish with differentially labeled ciliated (OMP:RFP) and microvillous (TRPC2:Venus) OSNs ( Fig. 1A-E ; Sato et al., 2005 Sato et al., , 2007 . As observed, the confocal imaging of 5-9 dpf larvae revealed two separate OSN populations with non-overlapping signal. Cells exhibited organized clusters with axons extending medially ( Fig. 1C-E) . In general, more cells expressing OMP:RFP than TRPC2:Venus were observed due to a greater number of ciliated than microvillous OSNs present in the OSE at these ages ( Fig. 1C-F ; Sato et al., 2005 Sato et al., , 2007 . Semi-quantitative image analysis of fluorescence, used as a proxy for estimating the number of cells present for each OSN population within the OSE, showed a minor, albeit significant (p < 0.001) decrease in both OMP:RFP and TRPC2:Venus fluorescence between 5 and 9 dpf (Fig. 1F ) in unexposed control fish, likely due to changes and maturation of the olfactory system during this time (Sato et al., , 2007 . Higher background signal was observed in the TRPC2:Venus (488 nm) channel due to autofluoresence of the larval body and reflective pigment cells in the eyes. To eliminate background signal, a higher minimal threshold was set for TRPC2:Venus than for OMP:RFP in our semi-quantitative image analyses. The lower overall fluorescence intensity measured for TRPC2:Venus was due to the higher threshold level as well as the presence of fewer microvillous OSNs (Fig. 1F) .
Exposure of 5 dpf larvae to acute 3-h exposures of 0.25-10 μM Cu resulted in cellular changes within the OSE that are indicative of OSN injury. Confocal imaging of the 5-6 dpf Tg[OMP:RFP/TRPC2:Venus] larvae revealed morphological changes within both ciliated and microvillous OSNs, such as condensation of cell bodies and cell fragmentation in addition to loss of cells and fluorescence signal intensity ( Fig. 2A,C) . Ciliated OSNs exhibited damage at all Cu concentrations tested, with dense OMP:RFP cell bodies, cell fragmentation, and significant 30%-50% losses of OMP:RFP fluorescence observed ( Fig. 2A,C ; Fig. 1 . Two populations of olfactory sensory neurons (OSNs) are differentially labeled in double-transgenic zebrafish. A. Schematic of the two predominant OSNs in zebrafish olfactory sensory epithelium. B-E. in vivo confocal images of a double transgenic zebrafish larva (6 dpf, B) expressing OMP:RFP (C) in ciliated OSNs and TRPC2:Venus (D) in microvillous OSNs within the olfactory sensory epithelium (OSE; E). Images are stacked projections of optical sections. Scale bars = 100 μm (B); 50 μm (C-E). F. Semi-quantitative measurement of fluorescence intensity of OMP:RFP and TRPC2:Venus in OSE during early larval development between 5-9 dpf (measured in arbitrary light units, ALU) showing decrease in OSNs over time. Error bars = ± SE (standard error); n = 4-5 fish per time point. Asterisks indicate statistically significant change from 5 dpf larvae at ***p < 0.001 significance levels. p < 0.001) after 3-h Cu exposure. Microvillous OSNs on the other hand, showed evidence of injury at higher Cu concentrations after 3-h exposure, with fewer cells observed in addition to some fragmentation and condensation of cell bodies ( Fig. 2A) . Image analysis showed a significant 30-42% reduction in TRPC2:Venus fluorescence after 5-10 μM Cu exposures ( Fig. 2C ; p < 0.05). Conversely, little cell damage or loss of TRPC2:Venus fluorescence was observed at lower Cu concentrations ( Fig. 2A,C) . The differences in percentage of OSN signal loss between OMP:RFP and TRPC2:Venus populations were statistically significant only at the lowest Cu concentration tested (0.25 μM; p < 0.01; Fig. 2C ), suggesting that ciliated OSNs were likely more sensitive to the short (3-h) low-dose Cu exposure than microvillous OSNs.
Extending the duration of Cu exposure to 24 h resulted in greater loss of fluorescence in both OSN populations (Fig. 2B,D and Supplemental Fig. 1 ). Dense cell bodies, cell fragmentation, and axonal retraction were all observed in the OMP:RFP ciliated OSNs after 24 h Cu exposure, with few distinguishable intact cells remaining after 24 h of exposure to high Cu. Meanwhile, fewer visible cell bodies and axons of TRPC2:Venus microvillous OSNs were observed at higher Cu concentrations (compared to unexposed controls), with little to no Venuslabeled cell fragments and dense cell bodies (Fig. 2B) . Both ciliated and microvillous OSNs showed a significant reduction of approximately 50% after 24-h Cu exposure to 0.25 μM Cu, with further loss of florescence observed at higher concentrations ( Fig. 2D ; p < 0.0001). However, microvillous OSNs generally exhibited more extensive loss of fluorescence than ciliated OSNs at all Cu concentrations after 24 h of exposure, a difference that was most notable at 10 μM Cu ( Fig. 2D ; p < 0.05). Decreases in fluorescence of TRPC2:Venus microvillous OSNs after 24-h Cu exposure were greater than that observed after 3 h exposure at all Cu concentrations tested (Supplemental Fig. 1B ; p < 0.001). OMP:RFP ciliated OSNs also decreased with longer exposure (24-h) at higher Cu concentrations (1-10 μM Cu; p < 0.05), but no difference was observed at the lowest Cu concentration tested (0.25 μM Cu; Supplemental Fig. 1A) . Collectively, these data suggest that ciliated OSNs were more severely affected than microvillous OSNs at lower Cu concentrations and brief exposure duration, whereas both OSN types were equally affected after exposure to a higher amount of Fluorescence intensity is normalized to age-matched non-exposed (0 μM Cu) controls. Error bars = ± SE; n = 4-5 fish per condition. Asterisks indicate statistical significant change from 0 μM Cu control larvae, unless otherwise indicated (black asterisks = OMP:RFP; gray asterisks = TRPC2:Venus), at *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 significance levels.).
Cu, with increasing loss of fluorescence likely due to cell damage associated with exposure duration and increasing Cu concentrations.
Regeneration occurs more extensively in microvillous than ciliated OSNs
To investigate recovery and regeneration of OSNs after Cu-induced injury, Tg[OMP:RFP/TRPC2:Venus] zebrafish larvae were removed from the Cu exposure solutions after 3 or 24 h and allowed to recover in fresh EM for 24, 48, and 72 h prior to euthanasia and analysis. Following an acute 3-h Cu exposure, OMP:RFP ciliated OSN cell fragments and condensed cell bodies were still visible after 24 h of recovery, but were generally not observed by 48 and 72 h posttreatment (hpt; Fig. 3A and Supplemental Fig. 2A) . Arrangement of ciliated OSNs also appeared to Fig. 3 . Partial OSN regeneration is observed following recovery after 3-h Cu-induced injury at 5 dpf. A-B. Representative confocal images of a single OSE from double-transgenic larval zebrafish show OMP:RFP-labeled ciliated OSNs (A) and TRPC2:Venus-labeled microvillous OSNs (B) imaging after 3 h exposure of Cu at different doses after 24, 48, and 72 h of recovery. Scale bars = 50 μm. C-D. Semi-quantitative analysis of OMP:RFP (C) and TRPC2:Venus (D) fluorescence in confocal images. E-H. Graphs comparing OMP:RFP and TRPC2:Venus fluorescence at 0.25 μM (E), 1 μM (F), 5 μM (G), and 10 μM (H) Cu exposure for 3 h (same dataset as presented in Fig. 3C-D) . Fluorescence intensity is normalized to the age-matched non-exposed (0 μM Cu) controls. Error bars = ± SE; n = 4-5 fish per condition. Asterisks indicate statistically significant change at *p < 0.05 and **p < 0.01 significance levels. be more organized and normal by 72 h, suggesting some recovery after Cu exposure (Fig. 3A and Supplemental Fig. 2A ). Semi-quantitative image analysis revealed a significant increase of OMP:RFP fluorescence after 72 h of recovery from Cu exposure at the lowest concentration tested (0.25 μM Cu; Fig. 3C ,E; p < 0.05). Conversely, no recovery of OMP:RFP fluorescence was observed after acute 3-h exposure at higher Cu concentrations (Fig. 3C,F-H) . OMP:RFP remained at a consistent level at approximately 40-50% of unexposed controls between 24 and 72 hpt, with no significant change observed over time (Fig. 3C,F-H) . Further loss of OMP:RFP fluorescence occurred after 24-48 h of recovery from 3-h exposure to 1 μM and 5 μM Cu, decreasing from 70% to 53% and from 65% to 41%, respectively (Fig. 3C ,F-G; p < 0.05). This additional loss of OMP:RFP suggests that additional damage and/or extrusion of the ciliated OSNs from the OSEs may have occurred within 24-48 hpt beyond the brief 3-h period of Cu exposure.
For microvillous OSNs, additional TRPC2:Venus cell bodies were visible by 72 h after high 3-h Cu treatment ( Fig. 3B and Supplemental Fig. 2A ; 5 μM and 10 μM Cu), but semi-quantitative analyses of TRPC2:Venus fluorescence did not reveal any statistical differences between injury on 3 h Cu exposure and after recovery at 72 hpt ( Fig. 3D-H) . Additional loss of TRPC2:Venus fluorescence occurred after 24-48 h of recovery from high Cu exposure ( Fig. 3D-H ; 5 μM and 10 μM Cu). The loss of TRPC2:Venus at 24 hpt was significant only at the highest Cu concentration tested (10 μM Cu), with a decrease from 58% to 26% in observed fluorescence ( Fig. 3D,H ; p < 0.01). Interestingly, a statistically significant recovery of this loss (from 26% to 58%; after 10 μM Cu) was observed by 72 hpt (Fig. 3D,H ; p < 0.05), suggesting that some recovery and/or regeneration of microvillous OSNs likely occurred between 24-72 hpt. At lower Cu concentrations, no significant changes in TRPC2:Venus microvillous OSNs were observed after acute 3-h Cu exposure (Fig. 3B,D-F) .
Rapid regeneration of microvillous OSNs was observed at all Cu concentrations tested following 24-h Cu exposures, with additional TRPC2:Venus cell bodies in the OSEs observed by 72 h of recovery ( Fig. 4B and Supplemental Fig. 2B ). This observation of increased TRPC2:Venus cell bodies correlated with significant increases in overall TRPC2:Venus fluorescence over time ( Fig. 4D-H ; p < 0.05). Recovery of TRPC2:Venus fluorescence to near-control levels after 72 hpt (from 46% to 96%) was observed following 24-h exposure to low 0.25 μM Cu (Fig. 4B ,D-E; p < 0.05), suggesting that the microvillous OSNs had almost fully regenerated within the short recovery period. Significant recovery of TRPC2:Venus fluorescence also occurred after more extensive damage by 24-h Cu exposures at higher concentrations, and correlated with an increase in TRPC2:Venus OSNs observed (Fig. 4B,D ,F-H; p < 0.05). Recovery of TRPC2:Venus fluorescence to over 50% control levels was observed after 48 hpt following 1 μM Cu exposure (from 26%; p < 0.05; Fig. 4D ,F) and after 72 hpt following 5 or 10 μM Cu exposure (from 9%; p < 0.0001 for 5 μM Cu; p < 0.05 for 10 μM Cu; Fig. 4D,G-H) . Conversely, no significant changes in OMP:RFP fluorescence were observed in ciliated OSNs during the 72-h recovery period after 24-h exposures at all Cu concentrations tested (Fig. 4A,C ,E-H and Supplemental Fig. 2B) .
Collectively, our data suggest that the zebrafish microvillous OSNs regenerated rapidly within 72 hpt after prolonged 24-h exposures at all Cu concentrations, while recovery or regeneration of ciliated OSNs occured only after injury from a short (3-h) exposure to a low (0.25 μM) Cu concentration.
Increased cell proliferation occurs after Cu-induced OSN injury
Our observations of OSN regeneration after Cu exposure led us to hypothesize that increased cell proliferation occurred after OSN death to replace the damaged cells. To test this hypothesis, we performed experiments using bromodeoxyuridine (BrdU) to label proliferating Sphase cells at different times after Cu-induced OSN injury. We exposed 5 dpf Tg[OMP:RFP/TRPC2:Venus] double-transgenic fish for 3 h to 5 μM Cu, a concentration that we had previously observed gross morphological damage to both OSN populations after acute (3-h) Cu treatment. We were unable to clearly detect TRPC2:Venus-labeled cells over the comparatively high background for the cells after BrdU processing, but were able to distinguish OMP:RFP, which served as a landmark for the location of the OSEs. BrdU-labeled cells were present in both unexposed and Cu-exposed larvae (Fig. 5A ) across all times investigated. Semiquantitative analysis of confocal images revealed a relatively constant low amount of BrdU-labeled cells within the vicinity around the OSE between 5 and 7 days of larval development (Fig. 5A,B) . Following 3-h Cu exposure, BrdU-labeled cells were observed clustered within the damaged OSEs after 6-24 hours of recovery (Fig. 5A) , with a significant 5-fold increase over controls at 24 hpt ( Fig. 5B,C ; p < 0.05). By 48 hpt, cell proliferation had returned to control levels. Collectively, these preliminary data suggest that injury to the OSNs by high Cu induces excess proliferation of the surrounding cells in the OSEs at approximately 24 h following exposure in order to replace the damaged OSNs.
Olfactory-mediated behavior correlates with loss and regeneration of OSNs
Because the phenotype for OSN regeneration involves recovery of olfactory function, we sought to correlate cellular changes observed with Cu-induced OSN injury and regeneration with olfactory-driven behavior. Videograms generated from the recordings of the behavioral assay (Supplemental Fig. 3A-B) were analyzed for center of mass shift distances and percent response of control to TCA as described in methods. Behavioral analysis of unexposed 6 dpf control larvae showed a significant aversive response to TCA (mean shift from center of 1.49 cm) compared to the no odorant control (Fig. 6A ,B, p < 0.01). After 24 h of exposure of 5 dpf larvae to both low and high Cu concentrations (0.25 and 5 μM), a 38-42% decrease in response to TCA was observed (Fig. 6B) . Statistical analyses of the Cu-exposed larval behavioral responses showed no significant difference between the TCA odorant and the no odorant control (EM; Fig. 6B ), suggesting an abrogation of the olfactory-mediated response to TCA after 24-h Cu exposure.
To correlate recovery and regeneration of OSNs after Cu-induced damage with functional recovery, behavior assays were also performed on 9 dpf larvae after 72 h of recovery in EM following 24-h Cu exposure. At 9 dpf, the olfactory-mediated responses to TCA were similar to that of 6 dpf larvae, with a significant mean shift away from center of 1.21 cm compared to the no odorant controls (control mean shift = 0.19 cm, p < 0.05; Fig. 6A ). After normalizing for behavioral response differences due to age, we compared responses to TCA between the 24-h Cu-exposed larvae and those after 72 h of recovery. A significant increase in the behavioral response to TCA from 58% to 153% (p < 0.05) was observed in 9 dpf larvae after 72 h of recovery from 0.25 μM Cu-induced injury ( Fig. 6C; Supplemental Fig. 3C ). Similarly, following 5 μM Cu exposure, the olfactory response to TCA increased from 62% to 95% after 72-h recovery ( Fig. 6C; Supplemental Fig. 3C ). Even though this increase was not statistically significant due to variation among the trials, the behavioral response to TCA after 72-h recovery was significant when compared to its corresponding no-odorant control (Supplemental Fig. 3C , p < 0.05). Taken together, these behavioral experiments suggest that the ciliated OSNs were able to restore their function after 72 h of recovery after 24-h Cu exposure.
Discussion
In the current study, we used transgenic zebrafish with confocal imaging and phenotypic anchoring of olfactory behavior to better understand cellular mechanisms of Cu olfactory injury and recovery of specific neuron populations. In this regard, previous studies of toxic effects of metals on the olfactory sensory epithelium of fish have generally relied on histology, immunostaining, scanning electron microscopy (SEM), and behavioral studies (Dew et al., 2014; Haverroth et al., 2015; Heffern et al., 2018; Lazzari et al., 2017; Williams et al., 2016) to distinguish between the various OSN populations. However, imaging of histological and/or immunostained tissue sections can yield low cellular-level resolution and difficulty in distinguishing different cell types that are interspersed within the olfactory sensory epithelium (Lazzari et al., 2017) . Conversely, high-resolution SEM allows for detailed analysis on cellular and sub-cellular levels of individual cells (Hentig and Byrd-Jacobs, 2016) , but a poor ability to visualize the entire population of a particular cell type within context of the entire sensory epithelium. Use of the Tg[OMP:RFP/TRPC2:Venus] doubletransgenic zebrafish provides some distinct advantages over both 1 μM (F) , 5 μM (G), and 10 μM (H) Cu exposure for 24 h. Fluorescence intensity is normalized to the age-matched non-exposed (0 μM Cu) controls. Error bars = ± SE; n = 4-5 fish per condition. Asterisks indicate statistically significant change at *p < 0.05 and ****p < 0.0001 significance levels.
immunohistological and SEM imaging studies to study olfactory toxicity. Larval zebrafish are easier and cheaper to maintain relative to adults and/or juveniles of larger fish species such as salmonids, and allows us to perform larger experiments with more experimental conditions. Due to the transparency of larval zebrafish, imaging of 5-9 dpf larvae can be performed in vivo or in situ on fixed samples, thus shortening the time for sample processing. Because it was unnecessary to section the olfactory sensory epithelium, having the ability to visualize entire neurons within context of the entire OSE in these transgenics (from the neuronal cell bodies to their axons into the olfactory bulb; Sato et al. (2005 Sato et al. ( , 2007 ) allowed us to visualize morphological changes that occurred in the cells as well as changes in overall fluorescence in both OSN populations in the same individuals. We observed to varying degrees within both ciliated and microvillous OSNs the presence of round dense cell bodies, cell fragmentation, retraction or loss of axons, disorganized cell arrangements, and loss of cells and fluorescence signal intensity that were all hallmarks of cell injury and/or death after Cu exposure.
Since the ultimate output of olfaction is behavior, assays for olfactory-mediated behavioral responses are effective in evaluating olfactory toxicity. However, behavioral studies are often beset with a large variation in responses among individual fish and trials. In addition, other Graph showing BrdU incorporation of Cu-exposed larvae as fold-changes over the time-matched unexposed controls. Error bars = ± SE; n = 3-4 fish per sample. Asterisks indicate statistically significant change at *p < 0.05 and **p < 0.01 significance levels. Fig. 6 . Olfactory-driven behavior assays showed loss and regeneration of olfaction after 24 h Cu exposure and following a 72 h recovery. A. Behavioral analysis of unexposed 6 dpf and 9 dpf control larvae to no odorant (embryo media) and taurocholic acid (TCA) show significant aversive response to TCA at both ages. B. Behavioral assays of 24-h Cu-exposed larvae to no odorant control and TCA show decreased aversive response to TCA with increased Cu concentration. C. Behavioral response of zebrafish larvae to TCA after Cu exposure and following 72 h of recovery in EM. Graphs are normalized to 100% TCA response of age-matched larvae. Error bars = ± SE; n = 4-15 individual trials, 10 fish per trial. Asterisks indicate statistically significant change at *p < 0.05 and **p < 0.01 significance levels.
E.Y. Ma et al. Neurotoxicology 69 (2018) 141-151 factors besides loss of olfaction can alter behavioral responses from metal toxicity. Shamchuk et al. (2018) found more inconsistent olfactory-mediated behavioral responses to nucleotides at 6 dpf and 7 dpf compared to 5 dpf zebrafish larvae, while metal-induced loss of mechanosensory lateral line hair cells had been shown to affect rheotaxis (McNeil et al., 2014; Olivari et al., 2008) , thus potentially affecting swimming behavior. Our behavioral data showing a decreased response to TCA supported our imaging results that showed ciliated OSN damage by Cu. Interestingly, the sensitivity of the behavioral assay was evident through olfaction recovery when no significant increase in relative fluorescence (OMP:RFP) was observed, suggesting that functional recovery of ciliated OSNs had occurred but was not evident through confocal imaging. Therefore, the use of multiple approaches in assessing olfactory toxicity proves valuable in providing a broader picture of how the olfactory system is affected, both physically and functionally. Of interest in the present study was the finding of differential sensitivity of OSN classes to Cu injury, indicating a preferential loss of ciliated relative to microvillous OSNs after acute exposures to low Cu concentrations. Others have observed a differing sensitivity between ciliated and microvillous OSNs with respect to chemical exposures of fish. In a recent study using adult zebrafish, Lazzari et al. (2017) observed a greater decrease and recovery in ciliated than in microvillous OSNs after 4 d exposure to a low sublethal 30 μg/l Cu. These results were consistent with those observed in other fish species such as coho salmon (Baldwin et al., 2003; Sandahl et al., 2007; Williams et al., 2016) , goldfish (Kolmakov et al., 2009) , yellow perch (Dew et al., 2014) , and fathead minnow (Dew et al., 2014) . However, it is important to point out that we observed damage to microvillous OSNs at high Cu concentrations and/or extended duration of exposure and increasing severity of cell loss in both OSN populations that correlated with cumulative Cu exposures. This dose-dependent nature of Cu toxicity on ciliated and microvillous OSNs supported data reported in fathead minnows (Dew et al., 2014) in which microvillous OSNs were impaired only at the highest concentration of Cu tested (20 μg/l). Collectively, these data suggest that ciliated OSNs are more sensitive to damage by Cu, while damage to microvillous OSNs likely requires a threshold level of Cu accumulation in the OSE before cellular loss is observed.
The pattern of OSN recovery with increased Cu exposure duration was unexpected. Specifically, following OSN death from 24-h Cu exposure, significant regeneration of microvillous OSNs occurred whereas no recovery was observed in the ciliated OSN populations. This, despite the fact that the percentages of initial OSN loss and damage were comparable (p > 0.05) between the two populations across all except for the highest Cu concentration tested. Our behavioral data verified full recovery of olfaction after 72 h following a low Cu exposure, but less recovery after a high Cu exposure. Because TCA preferentially, but not exclusively, targets ciliated OSNs (Hansen et al., 2003) , a functional recovery of the ciliated OSNs likely occurred, even though no significant changes in fluorescence was observed. These data suggest also that several mechanisms might have modulated the recovery pattern between the two populations of OSNs. One explanation for this difference could be that ciliated OSNs regenerated at a slower rate than microvillous OSNs. However, some recovery of ciliated OSNs was observed at the lowest Cu concentration tested. Secondly, there may exist a threshold in the number of OSNs present before the cellular regeneration process is activated. Ciliated OSNs generally outnumber microvillous OSNs (Hansen and Zielinski, 2005; Lazzari et al., 2017) in the OSE of teleosts, including both adult (Lazzari et al., 2017) and larval zebrafish (the present report and Sato et al., 2005 Sato et al., , 2007 . While both populations of OSNs were damaged by Cu in the present study, more ciliated than microvillous OSNs remained in the OSE after Cu toxicity. Even after exposure to high Cu concentrations, some ciliated OSNs were still visible, whereas fewer microvillous OSNs remained intact ( Fig. 2A,B) . It is possible that the remaining ciliated OSNs were sufficient to inhibit the regeneration process, while rapid regeneration occurred in microvillous OSNs in order to regain their threshold level.
Likewise, our behavioral data indicate partial functional recovery by the ciliated OSNs, possibly due to repair of the damaged cells that remained in the OSE, rather than through regeneration of new OSNs.
The significant increase observed in cell proliferation surrounding the OSE following 24 h of recovery after Cu exposure reflect the activity of neuronal precursors dividing after OSN injury and death to regenerate new replacement OSNs (Lazzari et al., 2017; Mackay-Sim and Kittel, 1991; Yanagi et al., 2004) . The proliferation of basal olfactory stem cells (OSCs) and differentiation into new OSNs in the fish olfactory system typically occurs throughout growth and maintenance of the OSE, and OSNs that reach the end of their life span are replaced by newly differentiated OSNs at a basal rate (Hansen and Zielinski, 2005) . In order to maintain a predetermined population size of OSNs, the mature OSNs within the OSE normally inhibit the proliferation and differentiation of the neuronal OSC precursors (Wu et al., 2003) . When the OSNs are lost due to cell death and damage, the OSCs re-enter the cell cycle to proliferate in order to rapidly regenerate new OSNs (Lazzari et al., 2017; Mackay-Sim and Kittel, 1991; Yanagi et al., 2004) . Studies in mice describe a similar process (Ducray et al., 2002; Leung et al., 2007) . In the mammalian OSE, two types of OSCs are present: horizontal basal cells (HBCs) and globose basal cells (GBCs) (Graziadei and Graziadei,1979) . GBCs proliferate to produce neuronal precursors that differentiate into postmitotic OSNs (Bermingham-McDonogh and Reh, 2011) , while HBCs are slow-cycling multipotent stem cells that remain quiescent during normal neuronal turnover or acute OSN damage (Holbrook et al., 1995; Leung et al., 2007) . After injury that depletes GBCs, HBCs transiently proliferate and differentiate into all mature OSE cell types (Leung et al., 2007) . In fish, however, the OSC populations are poorly characterized, with no clear distinction between the different types (such as HBCs vs. GBCs). Therefore, a possible mechanism to explain the pattern of regeneration observed after high Cu exposure in larval zebrafish in the present study could be that loss of OSNs led to rapid proliferation of these neuronal OSC precursors. Since more microvillous than ciliated OSNs were depleted in the OSE of zebrafish, these precursors likely differentiated into microvillous OSNs in lieu of ciliated OSNs. The recovery of ciliated OSNs with low Cu exposure supports this hypothesis, as under the acute low Cu exposure paradigm, microvillous OSNs were not damaged, thus only ciliated OSNs needed replacement by the proliferating precursors. Further studies would be necessary to characterize the OSC populations and OSN regeneration to fully test this hypothesis.
In conclusion, we have demonstrated the loss of ciliated and microvillous OSNs in zebrafish upon exposure to Cu, a common contaminant in surface waters. Our studies using double-transgenic zebrafish indicate that with extensive OSN damage by Cu, regeneration of microvillous OSNs may occur exceeding ciliated OSNs, likely via increased proliferation of the cellular reservoir of neuronal OSC precursors. Behavioral analyses support and extend our imaging studies to reveal functional recovery of OSNs after Cu damage that was not evident through confocal imaging. Collectively, our studies shed light on the nature of cellular injury in fish exposed to metals, and highlight the value of using transgenic zebrafish concomitantly with specific behavioral assays to study environmental chemical-mediated olfactory injury and recovery. Ultimately, these approaches help us better understand and identify sensitive olfactory neuron populations relevant to fish exposed to environmental pollutants.
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